Abstract: Digital signal processing (DSP)-based coherent communications have become standard for future high-speed optical networks. Implementing DSP-based advanced algorithms for data detection requires much more detailed knowledge of the transmission link parameters, resulting in optical performance monitoring (OPM) being even more important for next generation systems. At the same time, the DSP platform also enables new strategies for OPM. In this paper, we propose the use of pilot symbols with alternating power levels and study the statistics of the received power and phase difference to simultaneously and independently monitor the carrier frequency offset between transmitter and receiver laser, laser linewidth, number of spans, fiber nonlinearity parameters as well as optical signal-tonoise ratio (OSNR) of a transmission link. Analytical predictions are verified by simulation results for systems with full chromatic dispersion (CD) compensation per span and 10% CD under-compensation per span. In addition, we show that by monitoring the changes in the statistics of the received pilot symbols during network operation, one can locate faults or OSNR degradations along a transmission link without additional monitoring equipments at intermediate nodes, which may be useful for more efficient dynamic routing and network management.
Introduction
Optical performance monitoring (OPM) has become increasingly important in recent years due to the rapid developments in dynamic optical networks with reconfigurable optical add drop multiplexers (ROADM) [1] . The need for self-diagnosed systems and real-time channel monitoring is vital to ensure robust transmission especially for next generation systems operating at 100Gb/s per channel and above. As both industries and academia are currently moving towards higher-order modulation formats using coherent detection, the impact of signal distortions caused by laser frequency offsets between the transmitter (Tx) laser and the local oscillator (LO) at the receiver (Rx) and their laser linewidths are drawing more and more attention in addition to distortions caused by chromatic dispersion (CD), polarization-mode dispersion (PMD) and optical signal-to-noise ratio (OSNR). Different techniques have been proposed for the monitoring of these two parameters such as a dual-stage frequency offset monitor (FOE) with a monitoring range up to 90% of the symbol rate in QPSK system is proposed in [2] . Cao et al. [3] proposed a technique for frequency offset monitoring without removing the signal phase. Furthermore, Duthel et al. [4] demonstrated laser linewidth monitoring by means of coherent detection with a monitoring range up to 1 MHz.
Meanwhile, contrary to older generation systems where nonlinearity is believed to be a fundamental impairment that system designers have to simply avoid, new impairment compensation techniques based on advanced DSP algorithms such as nonlinear phase noise compensation [5, 6] , intra-channel four-wave mixing compensation [7] and digital backpropagation (BP) [8, 9] have been proposed to mitigate the effect of fiber nonlinearity-induced impairments. However, such techniques require detail knowledge of various parameters of the link including the nonlinear coefficients of fibers, number of spans N and the dispersion map (as supposed to just accumulated CD) of the link. Furthermore, as shown in Fig. 1(a) , dynamic routing in practical terrestrial networks will still result in variations of link parameters such as N from time to time. To evaluate the performance impact with imperfect knowledge of the link, Fig. 1(b) shows the resulting Q-factor using BP with incorrect parameter values for a 1600 km system with 20 spans and 10% CD under-compensation per span. The modulation format is 200 Gb/s polarization-multiplexed Non Return-to-Zero (NRZ)-16-quadrature amplitude modulation (QAM) and the specifications of other link parameters are shown in Table 1 (in Section 3 ). The oversampling rate is 2 and the  parameter of the BP algorithm described in [8] has been optimized. The Q-factor corresponding to algorithms that only compensate for CD is also shown as reference. From the figures, it can be seen that when the number of spans used in BP is smaller than the actual value by 3, the performance improvements by using BP is noticeably reduced. On the other hand, over-estimating N will be equivalent to BP with multi-span step size, which increases computational complexity [8] .
Similarly, the fiber nonlinear coefficient  needs to be monitored with good accuracy at the receiver in order to fully optimize the performance of BP. Various approaches have been proposed to measure the nonlinear coefficients of short fibers utilizing the effect of self-phase modulation (SPM) [10] , cross-phase modulation (XPM) [11] and four-wave mixing (FWM) [12] with special experimental setups. Launch power optimization based on monitoring of fiber nonlinearity induced signal degradations are also studied for a given transmission link [13] [14] [15] . However, there has been no means of direct estimation of fiber nonlinear coefficients in a communication system. The value of N may be given by upper layer protocols from the control plane but it may not be available sometimes. To this end, Tanimura et al. [16] studied the use of semi-blind sequences for optimizing the nonlinear equalization parameters in BP given an almost perfect prior knowledge of the transmission link. However, a thorough investigation on the monitoring of fiber nonlinear coefficients and number of spans are much needed for practical implementations of advanced DSP algorithms like BP in a dynamic network environment. In this paper, we propose the use of pilot symbols with alternating power levels and study their statistics such as the means and variances of received signal power and phase difference to jointly and independently monitor frequency offsets, laser linewidths, number of spans, fiber nonlinear coefficients as well as OSNR of the link. Analytical predictions are verified through simulation results for links with dispersion maps commonly used in practice. As the phase difference rather than the absolute phase of the received pilot symbols are monitored, the proposed technique should be robust against other phase-perturbing mechanisms that are slower than the sampling rate of the DSP. Finally, for a given link, we will show that by monitoring the changes in the variances of the received power and phase difference from time to time, one can locate faults or identify specific points in a transmission link with a sudden decrease in OSNR. Such fault localization technique has the advantage that no monitoring equipment is needed at intermediate nodes of the link. 2. Simultaneous and independent multi-parameters monitoring using pilot symbols
System model
Consider a coherent optical communication system consisting of N spans of single-mode fiber (SMF) with length S L followed by a dispersion compensating module with 2-stage amplifiers and dispersion compensation fibers (DCF) of length D L as shown in Fig. 2 . The gain of amplifiers exactly compensates for the fiber loss in the previous span. The received signal is coherently mixed with optical wave generated by local oscillator (LO) and passes through balanced detectors where the in-phase and quadrature outputs are sampled and processed in a DSP unit. To monitor various channel parameters, a sequence of pilot symbols with period T and alternating power levels 1 P and 2 P as shown in Fig. 3 is sent into the link prior to data transmission. The symbol rate 1/T will be chosen such that inter-symbol interference (ISI) and pulse shape distortion induced by chromatic dispersion (CD) and polarization-mode dispersion (PMD) is negligible. In addition, as the symbol rate of pilot sequence is much lower than that of data transmission, pulse distortion caused by filters designed for 25 GSym/s transmission and beyond should be negligible as well. Let Fig. 3 . A sequence of pilot symbols with alternating power levels 1 P and 2 P for the monitoring of laser linewidth, frequency offset, number of spans, fiber nonlinear parameters and OSNR of the link. The received signal is sampled at a rate of 1/ s T and the symbol rate 1/T is low enough such that the transmitted signal E(t) does not undergo any pulse shape distortion due to CD and/or PMD.
In absence of nonlinearity and when the symbol rate of the pilot symbols is low enough so that the effects of CD and PMD are negligible, the instantaneous received signal power at time t can be expressed as 
where the approximation is valid for high OSNR. The variance of the received signal power k P is then given by
is the low-pass filter bandwidth at the receiver. It should be noted that Eq. (2) is still valid for systems with fiber nonlinearity.
The overall received phase   t  after propagating through N spans of fibers is given by 
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where the approximation is valid for high OSNR. In this case, the mean and variance of the nonlinear phase shift
and 
In the following section, we will derive equations to monitor the frequency offset, laser linewidth, number of spans N, OSNR as well as the nonlinear coefficients of the link from the statistics of the received power and phase difference. It should be noted that for the purpose of implementing advanced DSP algorithms like BP, it suffices to monitor the nonlinear parameter D  as supposed to the fiber nonlinear coefficient D  .
Simultaneous and independent multi-parameter monitoring
The frequency offset between the Tx and Rx lasers and their linewidths can be obtained from the statistics of the phase difference between samples within a pilot symbol. 
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It is obvious from Eq. (12) 
With (11) and (13)   will belong to different pilot symbols with different power levels. In this case, the mean of the phase difference will be given by
assuming the signal power at time t is   1 P t P  . As the parameters of SMF such as length, attenuation and nonlinear coefficients are usually known and relatively more consistent across a network compared to those of DCF in practice, we will assume the knowledge of (2), (5), (8), (12)- (16) and some algebraic manipulations, one obtain 2  2  2  1  2  2  3  2  1  2  1  2  1  2  22  12  1  2  1  1  2   2  1  2  2  2  2  1  2  ,1  1  ,2  2  1  1  1  2   22  3   11  2  4 power S S S S power SS P P P N P P P P PP P P P P P P P P w w N P P P P P
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which is a cubic function of N. Subsequently, the fiber nonlinear parameter 
In summary, we can estimate frequency offset, laser linewidth, number of spans, fiber nonlinear parameter and OSNR of a transmission llink by choosing arbitrary values of 1 P , 2 P , 1 w and 2 w and solving for Eqs. (14), (15), (17), (18) and (19) .
Simulation Results and Discussions
Simulations are conducted to investigate the monitoring performance of off f
and OSNR. Pilot sequences with 6 10 symbols with NRZ pulse shape are transmitted at two arbitrarily chosen power levels of 1 3 P  dBm and 2 2 P  dBm. The symbol rate is chosen to be 50 MSym/s so that the effects of CD and PMD become negligible. The sampling rate is set to be 25 GHz and thus 500  
. In our simulations, high analog-to-digital converter resolution (ADC) and timing recovery are assumed and other channel parameters are listed in Table 1 . To maximize the monitoring range of off f  for a given sampling rate, 1 w is chosen to be 1. In addition, we arbitrarily set 2 3 w  for laser linewidth monitoring. Simulation results for frequency offset and laser linewidth monitoring for a 15-span system are shown in Figs. 4(a) and 4(b) for full CD compensated and 10% CD under-compensated links. The means and standard deviations of the estimates are obtained from 10 independent trials with independent ASE noise. From the figures, the proposed technique enables a wide monitoring range from 10 GHz to 10GHz, more than sufficient for worst cases of 5  GHz reported in practical systems [18] . The corresponding maximum estimation error is below 6 MHz. For laser linewidth monitoring, a wide dynamic range of 100 kHz to 10 MHz with corresponding maximum estimation error below 1% is achieved. Such monitoring performance is comparable to others reported in the literature [4] that only monitors laser linewidths. It is also noted that the monitoring performance does not depend on the dispersion map of the transmission link. 
